Background--Elevation of C-reactive protein (CRP) as a marker of vascular inflammation at a late phase of drug-eluting stent (DES) implantation may predict subsequent major adverse cardiac events (MACE).
D
rug-eluting stents (DES) control the development of intimal hyperplasia following stent deployment, but there are issues with respect to the long-term outcome, including late-stent thrombosis, 1 the late catch-up phenomenon, 2 and neoatherosclerosis within the stent. 3 Previous studies have revealed that these problems are more frequent in patients with DES than in those with bare metal stents (BMS) and contribute to late stent failure. A recent pathological study suggested that vascular inflammation after DES implantation may play a major role in subsequent stent failure. 4 However, there is no established marker of such inflammation that can be used in daily practice. C-reactive protein (CRP) is a surrogate marker of vascular inflammation in relation to the progression of atherosclerosis and plaque vulnerability, and the efficacy of CRP-guided risk stratification for both primary prevention 5 and secondary prevention 6 of cardiovascular disease is widely accepted. In patients with BMS a higher CRP level prior to stent implantation has been reported to predict subsequent restenosis, but the predictive value of measuring CRP prior to DES implantation is still unclear. 7 We considered that not only the CRP value before stent deployment but also the CRP in the late phase might provide useful information about vascular inflammation associated with DES failure. However, the prevalence of the late-phase CRP elevation and its clinical impact have not been fully investigated. Accordingly, in addition to before stenting, we have measured CRP at 8 to 12 months after DES implantation and investigated the relationship between the CRP level and the long-term outcome.
Methods
We retrospectively investigated 1563 consecutive patients who underwent implantation of DES for de novo coronary artery disease at Toho University Ohashi Medical Center from May 2003 to October 2013. Among them, 1234 patients (2483 lesions with 2183 stents) with paired CRP data (obtained before stenting and 8-12 months after stenting) were entered into this study. The primary endpoint of this study was major adverse cardiac events (MACE), comprising all-cause death, nonfatal myocardial infarction, target lesion revascularization (TLR), and other additional revascularization.
The first event in each patient was employed for cumulative assessment of MACE.
Patients were treated with first-generation DES, including the Cypher stent (durable polymer sirolimus-eluting stent; Cordis, Miami Lakes, FL; n=492) and the Taxus stent (durable polymer paclitaxel-eluting stent; Boston Scientific, Natick, MA; n=310), or with newer DES, such as the Xience stent (durable polymer everolimus-eluting stent; Abbott Vascular, Santa Clara, CA; n=75), the Promus stent (durable polymer everolimus-eluting stent; Boston Scientific; n=149), and the Nobori stent (biodegradable polymer biolimus-eluting stent; Terumo Corporation, Tokyo, Japan; n=208). A total of 329 patients were excluded from this study. First, the study population was limited to patients who underwent measurement of CRP at 8 to 12 months after DES implantation. Therefore, a total of 40 patients who experienced MACE (19 died, 18 required TLR including 2 with stent thrombosis, and 3 had other additional revascularization) less than 8 months after DES implantation, 88 patients who were lost to follow-up before 8 months, and another 119 patients who did not have late-phase CRP data despite being followed were excluded. Next, a total of 66 patients who underwent implantation of an Endeavor stent (n=42, Medtronic Vascular, Santa Rosa, CA) or a Resolute Integrity stent (n=24, Medtronic Vascular) were excluded because of less frequent use than other types of DES at our hospital. In addition, 5 patients with previous DES implantation and 11 patients who received more than 1 type of stent were also excluded because those cases with mixed use of DES were not suitable for stent-type-based assessment for CRP elevation.
Baseline clinical characteristics, procedural data, and follow-up data were collected from the medical records or hospital databases. The study protocol was approved by our hospital ethics committees, and the study was performed in accordance with the Declaration of Helsinki. Informed consent was obtained from every patient.
Percutaneous Coronary Intervention
Percutaneous coronary intervention (PCI) was performed by standard techniques, and selection of stents was done by the operator. All patients received dual antiplatelet therapy (DAPT) for at least 8 months after DES implantation.
Measurement of CRP
The serum CRP level before PCI was defined as the baseline value and was measured from 1 day before up to the time of the procedure. In patients who underwent multiple PCI sessions, the CRP level measured before the first session was defined as the baseline value. The CRP level measured at 8 to 12 months after PCI was defined as the late-phase value because drug elution from the stent was expected to have been completed by this time. 8 If the patient had acute infection when CRP was measured, the value was not employed for this study. Serum CRP was measured by a turbidimetric immunoassay until November 2010, after which latex-agglutination turbidimetry was used. An elevated CRP level was defined as >2.0 mg/L based on previous reports. 6 
Definitions
A diseased segment was defined as having >50% angiographic stenosis (visual estimate) in a major epicardial artery with a reference diameter >1.5 mm. Myocardial infarction was defined as elevation of creatinine phosphokinase or creatinine kinase-myocardial isozyme to >3 times the upper limit of normal. TLR was defined as any revascularization for a stenosis within the stent or within a 5-mm border proximal and distal to the stent. Other additional revascularization was defined as revascularization that was required after completion of the procedures planned from the initial angiograms except for TLR. Stent thrombosis was assessed according to the Academic Research Consortium definition. 9 Chronic kidney disease (CKD) was defined as eGFR <60 mL/min (by modification of diet in renal disease equation). 10 
Statistical Analysis
Continuous variables are presented as the meanAE1 standard deviation (SD) or as the median (25th-75th percentile), whereas categorical variables are displayed as percentages.
Comparisons were performed by both paired and unpaired Student t test for continuous variables, and by Fisher exact test and McNemar test for categorical variables. The KaplanMeier method was used to estimate survival and events, while the log-rank test was employed to compare survival curves. To evaluate the independent contributions of clinical, angiographic, and procedural variables to the primary endpoints, multivariable analysis was performed with the Cox proportional hazards model. To perform landmark analysis, the landmark time was defined relative to the patient's index procedure. In this study a landmark was set at 2 years after PCI, and patients completing late-phase CRP assessment were analyzed with respect to events occurring after this time up to the latest follow-up. Logistic regression analysis was used to identify predictors of late-phase CRP elevation. In addition to those analyses, to assess absolute impact of late-phase CRP elevation on clinical outcomes, we tried to adjust the baseline imbalance between patients with and without late-phase CRP elevation by using inverse probability of treatment weighting (IPTW) based on the propensity score.
11 Propensity scores of imbalanced characteristics were estimated by multiple logistic regression analysis, and inverses of those scores were entered into IPTW methods. Discrimination of that logistic regression model was assessed by C-statistics (0.72, 95% CI 0.69-0.76), and calibration was assessed by Hosmer-Lemeshow statistics (v 2 =3.51, df=8, P=0.90). The outcomes were compared by use of Cox regression models. In all analyses a probability (P) value <0.05 was considered to indicate statistical significance.
Results

Patient Characteristics
The mean age of the patients was 68.6AE10.2 years, 77.9% were men, 45.9% had chronic kidney disease, 40.2% had acute coronary syndrome, 40.5% had diabetes mellitus, and 27.8% had 3-vessel disease. At the time of discharge, statin therapy was prescribed for 79.4% of the patients (Table 1) .
CRP Profile
The mean interval between baseline and late-phase measurements was 269.2AE29 days. Elevation of CRP (>2.0 mg/L) at baseline was found in 38.0% of the subjects, whereas latephase elevation of CRP was seen in only 23.6% (P<0.0001). CRP elevation occurred only during the late phase in 9.2% of the patients (isolated late-phase elevation), but CRP was elevated at both baseline and the late phase in 14.4% (paired elevation) (Figure 1 ). 
Comparison of Patients With and Without LatePhase CRP Elevation
A comparison of the patients with and without late-phase CRP elevation is shown in Table 1 . Patients with late-phase CRP elevation were more likely to be male and were more likely to have comorbidities such as hypertension, diabetes, and CKD. They also had more diseased segments and underwent more complex PCI procedures (more lesions treated, longer total stent length, and more stents implanted). Conversely, statin use was more frequent in the patients without late-phase CRP elevation.
Long-Term Outcomes
The median follow-up period was 1185 days (interquartile range 583-1980 days). Events occurred in 282 patients during follow-up (71 patients died, 7 had nonfatal MI, 151 had TVR, and 81 had other unplanned revascularization). There were 3 cases of definite late stent thrombosis (at 982, 1790, and 2785 days after PCI). At both baseline and during the late phase, MACE were more frequent in patients with CRP elevation than in patients without CRP elevation (Figures 2  and 3 ). At baseline, the HR of CRP elevation for MACE was 1.52, and the 95% CI was 1.21-1.93 (P=0.0004), whereas the HR was 4.00 and the 95% CI was 3.16 to 5.05 in the late phase (P<0.0001). According to 2-year landmark analysis, there was no significant difference between the Kaplan-Meier curves for MACE associated with baseline CRP (P=0.36), but there was divergence of Kaplan-Meier curves for the association with late-phase CRP (P<0.0001) ( Figure 4 ). As compared to patients without late-phase CRP elevation, those analyses demonstrated increasing death, TLR, and ST beyond 2 years after DES implantation among patients with latephase CRP elevation ( Figure 5 ). of MACE, whereas statin therapy (HR 0.66, 95% CI 0.50-0.87, P=0.003) was a negative predictor ( (Table 3) .
Multivariable Analysis
Results Based on Propensity Matching
Propensity score-matched analysis using IPTW methods revealed that, as compared to nonelevated late-phase CRP elevation, late-phase CRP elevation was associated with high frequency of occurrence of MACE (HR 3.39, 95% CI 2.52-4.56, P<0.0001), death (HR 2.94, 95% CI 1.61-5.38, P=0.0004), and TLR (HR 4.90, 95% CI 3.28-7.31, P<0.0001) ( Table 4) .
Discussion
The main findings of the present study were as follows: (1) late-phase CRP elevation was found in 23.6% of patients with DES, and it was isolated late-phase elevation in 9.2%; (2) late-phase CRP elevation was an independent predictor of future clinical events; (3) several positive and negative predictors of late-phase CRP elevation were identified; and (4) use of statins and implantation of newer DES were associated with a lower risk of CRP elevation and thus may decrease MACE.
Late-Phase CRP Elevation
In the BMS era, baseline CRP prior to stenting was a predictor of restenosis as well as the minimum luminal diameter after stenting. 12 The authors suggested that inflammation derived from atherosclerotic plaques promoted intimal hyperplasia after stent implantation. When DES was introduced, it was initially thought that these stents would prevent such inflammation and control intimal hyperplasia. However, Nebeker et al subsequently reported late stent thrombosis of DES and proposed that its mechanism involved inflammation caused by the polymer coating. 13 In addition, it was suggested that stent malapposition and uncovered stent struts serve as predictors of late stent thrombosis, related to vascular inflammation after DES implantation. 14, 15 Furthermore, a recent pathological study demonstrated that neoatherosclerosis was greater after implantation of DES compared with BMS, 3 suggesting that inflammation may modify the endothelium and lead to neoatherosclerosis as well as late catch-up phenomenon. 3, 16 These findings suggest that the influence of inflammation on outcomes is stronger in the DES era than the BMS era and that inflammation may predict a future cardiovascular event after DES implantation. Recently, a positive relationship between elevation of serum CRP at follow-up and presence of neoatherosclerosis within DES 17 was reported. Thus, measurement of serum CRP may possibly estimate that inflammation and predict future cardiovascular events after DES implantation. The present study showed that, as compared to baseline CRP elevation, late-phase CRP elevation was powerful predictor to identify high-risk patients for late cardiovascular events after DES implantation (Figure 4) , and the predictive power of the late-phase CRP elevation was also confirmed by multivariable adjustment and propensity score-matched analysis (Tables 3 and 4 ). According to the results, about two-thirds of the patients with late-phase CRP elevation also had baseline elevation, and this may represent refractory inflammation after revascularization despite medical therapy or an excessive reaction to the stent itself. Thus, in this DES era, baseline CRP elevation indicates not only the presence of vulnerable plaque but also the risk of late vascular inflammation after DES implantation. On the other hand, isolated latephase CRP elevation (which occurred in 9.2% of all subjects) may suggest a late vascular reaction to the stent. It seems that existence of vascular inflammation after completion of drug elution may determine the outcome, and patients with late-phase CRP elevation should be regarded as a high-risk subset.
Predictors of MACE
Apart from late-phase CRP elevation, CKD, the number of diseased segments, and statin therapy were also predictors of MACE. These are well-known prognostic indicators for patients with ischemic heart disease. It seems reasonable to consider that factors showing a positive association with MACE were surrogate markers of atherosclerosis, and progression of atherosclerosis influences long-term outcomes.
Predictors of Late-Phase CRP Elevation
Late-phase CRP elevation was a predictor of MACE, and CKD, baseline CRP elevation, use of newer-generation DES, and use of statin therapy were associated with late-phase CRP elevation. Both statin therapy and newer DES were negative predictors, which is consistent with the results of trials that have demonstrated the efficacy of statins for preventing cardiovascular events 5, 6 as well as TLR. 18 The pleotropic antiinflammatory effects of statins could reduce late-phase inflammation after DES implantation as previously reported 19 and thus decrease MACE. Moreover, a favorable effect of statins on reendothelialization after DES implantation may influence the outcome. 20 According to recent pathological investigations, inflammation at stented sites was less severe in patients with newer DES than in those with first-generation DES, 4 and the lower CRP value in our patients with newer DES was compatible with that pathological finding. Recent use of biocompatible polymer and optimized drug dose contributes to these results of newer DES. 8 However, although late-phase CRP elevation was less frequent in patients with newer DES than in those with first-generation DES in the present study, occurrence of MACE did not differ significantly. Recent RCT suggests extended follow-up is needed to know the safety and efficacy profiles of DES. 21 Thus, sufficient study to detect the difference between those 2 stent generations is needed. On the other hand, baseline CRP elevation and CKD showed a positive association with late-phase CRP elevation. Elevation of CRP is a well-known predictor of the long-term outcome in CKD, 22 and it was reported that the natural course of atherosclerosis differs between patients with CKD and other patients. 23 The CRP elevation of patients with CKD might relate to the CKD-specific atherosclerosis. In addition, a recent study demonstrated that the efficacy of statin therapy decreases as the stage of CKD advances. 24, 25 In fact, statin therapy was less effective in reduction of CRP elevation among patients with hemodialysis 26 compared to the other subset. 5 Thus, pathophysiological differences and a reduced response to statin therapy may be related to refractory inflammation in patients with CKD, and that inflammation might attenuate efficacy of DES, but further investigation is needed to confirm this.
Limitations
This was a single-center retrospective study, which makes bias inevitable. First, the study population was limited to patients who underwent measurement of CRP at 8 to 12 months after DES implantation. Therefore, patients without CRP data from that period and patients with MACE before 8 months, a high risk subgroup, were not included, resulting in possible selection bias. Also, patients who underwent BMS implantation were not included because use of BMS was limited to patients with contraindication of continuous dual antiplatelet therapy in our hospital since DES had been introduced. Second, changes in medical therapy during the past decade may have influenced the results of this study. For example, because statin therapy has become more common, pretreatment with statin therapy as general practice may have become associated with the lower-baseline CRP 27 of recent newer DES patients compared to first-generation DES patients. Third, the optimum time for measurement of CRP to assess late-phase vascular inflammation is unclear. The CRP level measured at 8 to 12 months after PCI was employed as late phase for this study because drug elution from the stent was expected to have been completed by this time. 8 However, it is possible that a time later than 8 to 12 months after PCI might have been more suitable for patients receiving newer DES because improved biocompatibility might delay the peak of inflammation. Finally, we could not completely distinguish vascular inflammation from inflammation due to acute or chronic inflammatory diseases in the patients with elevation of CRP.
Conclusion
In this study, late-phase CRP elevation after DES implantation was a strong predictor of MACE. Accordingly, monitoring the CRP may be helpful to identify a high-risk subset for MACE among patients undergoing DES implantation.
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